Determinants of decline in resting metabolic rate in aging females. Am. J. Physiol. 264 (Endocrinol Metab. 27): E450-E455, 1993.-We considered the association of several metabolic and lifestyle variables as modulators of the decline in resting metabolic rate (RMR) and fat-free weight (FFW) in 183 healthy females (18-81 yr). RMR showed a curvilinear decline with age, which was significant in women aged 51-81 yr but not in women aged 18-50 yr. FFW showed a curvilinear decline with age, which was significant (P < 0.01) in women 48-81 yr but not in women 18-47 yr. The decline in RMR was primarily associated with the loss of FFW (r" = 72%), whereas the decline in FFW was explained primarily by differences in maximal 0, consumption (\io, max), age, leisure time physical activity, and dietary protein intake (total r" = 46%). We conclude that RMR and FFW showed a curvilinear decline with age which was accelerated beyond the middle-age years. Second, the age-related decline in RMR was primarily associated with the loss of FFW. Third, the loss of FFW was partially related to a decrement in i70, max and nutritional factors. Therapeutic interventions designed to increase ire, max by elevating physical activity may preserve fat-free weight and thus offset the decline of RMR in aging women. thyroid hormones; maximal oxygen consumption THE DECLINE in resting metabolic rate (RMR) and fat-free weight (FFW) with advancing age is a consistent finding in the scientific literature (2, 543, 12, 14, 17, 18, (20) (21) (22) (25) (26) (27) . Several investigations have attributed the age-related decline in RMR solely to the loss of FFW (25, 26) , whereas others have reported that loss of FFW does not fully account for the lower RMR in elderly males (8, 14, 17, 18, 27) . Recently, we have suggested that the decline in RMR in males is accelerated beyond the middle-age years and is related both to the loss of FFW as well as a decline in maximal oxygen consumption (V02 max) (14) . Although elderly women outnumber elderly men in the population (lo), there is a paucity of data regarding the metabolic determinants of age-related changes in RMR and FFW in females. An earlier study (20) reported a linear decline in RMR in females when data were normalized for body weight or body surface area. Methodological limitations, however, did not permit the assessment of body composition and its relationship with RMR, and sample sizes were limited, especially in the older age ranges. More recent investigations (8, 27) have examined females at the extremes of the age spectrum and have shown that FFW cannot fully account for the lower RMR in older individuals.
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These studies did not consider the relationship between RMR and body composition in middle-aged women. No studies, to our knowledge, have considered the association of body composition as well as lifestyle factors as modulators of the age-related changes in RMR and FFW across a broad age range of well-characterized healthy women. Thus the first purpose of this study was to examine the rate of decline of RMR and FFW in a large cohort of well-characterized healthy females. Thereafter, we sought additional insight into the factors modulating age-related alterations in RMR and FFW by considering the influence of physical activity, VO, max, nutritional intake and thyroid hormone status.
METHODS
Subjects. One hundred and eighty-three healthy females (18-81 yr) participated in this study. Their physical characteristics are presented in Table 1 . All subjects were characterized by the following: no clinical symptoms or signs of heart disease, resting blood pressure <140/90 mmHg, normal resting electrocardiogram (ECG), normal ECG response to an exercise stress test, absence of any medication that could affect cardiovascular function or metabolic rate, and no family medical history of diabetes. Subjects were weight stable (&2 kg) by medical history within the past year. One subject was amenorrheic and eleven subjects were taking oral contraceptives. Because no differences in RMR, FFW, and thyroid hormones were noted between this population and a group of younger age-matched women, the data were pooled and analyzed as one group. Postmenopausal women had not taken estrogen-replacement therapy. Menopause was defined by the absence of menstruation for >I2 mo in women older than 45 yr. A history of oophorectomy was an exclusion factor for participation in the study. The average age of menopause was 50 t 2 yr in our population. The nature, purpose, and possible risks of the study were carefully explained to each subject before she gave consent to participate. The experimental protocol was approved by the Committee on Human Research for the Medical Sciences of the University of Vermont.
Timing of measurements. Volunteers were admitted to the Clinical Research Center the afternoon before their metabolic testing at 1600 h. Subjects were fed dinner and were thereafter given practice with the ventilated hood to alleviate any concern or apprehension over testing conditions. At this point, the Minnesota Leisure Time Physical Activity questionnaire (24) was administered. After an overnight fast in which volunteers slept in the Clinical Research Center, the following tests were performed the next morning: RMR followed by a lo-ml blood draw, underwater weighing, and a test for maximal aerobic power . WO 2 max). The specific tests are described below. RMR. RMR was established during the follicular phase of the menstrual cycle for each subject by indirect calorimetry for 45 min using a ventilated hood, as previously described (14) . The days of the menstrual cycle were numbered backward from the onset of menstruation (i.e., day 1 was the day before menstruation be the follicular phase and days 14 to 11 the luteal phase, with ovulation occurring at about day 14. RMR was determined in the same room after an overnight stay (inpatient) in the Clinical Research Center, since these conditions yield lower values than when subjects are tested on an outpatient basis (1) . If subjects regularly participated in exercise, metabolic tests were conducted 48 h after their last exercise session to eliminate the residual effect of exercise on metabolic rate (16) . Energy expenditure (kcal/day) was calculated from the equation of Weir (28). The reproducibility of RMR in our laboratory has a coefficient of variation of 4.3%.
vo 2 rrl~I.Y* VO 2 mt1x was assessed by a progressive and continuous test to exhaustion on a treadmill as previously described (15) . The reproducibility of VO, max in our laboratory has a coefficient of variation of 3.3%.
Leisure time physical activity. The estimated energy expenditure in leisure time physical activity (LTA) over the preceding year was assessed in a structured interview using the Minnesota Leisure Time Physical Activity Questionnaire (24) . We have previously shown that the Minnesota LTA is correlated (r = 0.83) with the energy expenditure of physical activity derived by the doubly labeled water method in 13 older persons (9) .
Body composition. Body fat was estimated from body density by underwater weighing using the Keys and Brozek equation (11) with simultaneous measurement of residual lung volume by helium dilution. FFW was estimated as total body weight minus fat weight. For purposes of the present study, FFW was defined as total body weight minus the total fat content of the body (in contrast to the term of lean body mass, which contains some essential lipids). The reproducibility of the measurement of body fat in our laboratory has a coefficient of variation of 4.2%. To estimate upper and lower body fat distribution, a measuring tape was used to determine the waist-to-hip circumference ratio while subjects stood erect. Waist measurements were taken at the minimal circumference of the abdomen, and the hip circumference was measured at the maximal gluteal protuberance of the buttocks. All measurements were performed by the same investigator.
Estimated energy intake. Daily energy and macronutrient intake was estimated from a 3-day food diary (2 weekdays, 1 weekend day), as previously described (19). Special attention was given to the importance of subjects maintaining their usual food habits and describing the quantity of food ingested with the aid of a dietary scale, measuring cups and spoons. We attempted to bring individuals in for testing around the midphase of their follicular cycle, so that they could record food intake and be tested during this time period.
Thyroid hormone dctcrminutions. Plasma total thyroxine . (T,), free T,, and total triiodothyronine (T:,) concentrations were measured using clinical assay kits (Baxter, Cambridge, MA) and plasma free Ts using an analogue assay (Diagnostic Products, Los Angeles, CA). Statistics. Means, SD, and ranges for each study variable were calculated. Pearson correlations were calculated to estimate the relationship between pairs of variables. Preliminary examination and analyses of data led to the conclusion that the rate of decrease in several dependent variables with age (i.e., RMR, FFW, total Ts, and free T,) was nonlinear; i.e., a straight line would not adequately represent the relationship between these variables and age. Quadratic regression analysis was applied to examine the curvilinear fit of RMR, FFW, total T,, and free T:, with age. Thereafter, to estimate the point at which the slope of the dependent variable may change with age, segmental regression analysis was applied to identify the age break point-(s). Segmental regression analysis uses the least-squares method to estimate the slopes of the two segments as well as the optimum age cut-off point. This model applies when the dependent variable has a linear trend over a certain range of the independent variable (age) followed by a linear trend of a different slope over a succeeding age range. Stepwise multiple regression analysis was applied to determine the best set of predictors for RMR, FFW, total Ts, and free T3. Menopausal status was coded by dummy variables on three levels (1, premenopausal; 2, perimenopausal; 3, postmenopausal) and entered into multiple regression analysis. All data are expressed as means & SD.
RESULTS
The physical characteristics of the volunteers are displayed in Table 1 . These healthy female individuals represent a broad range of age, VO, max, physical activity level, body composition, and estimated energy intake.
The significant (P < 0.01) curvilinear declines in RMR, FFW, and thyroid hormones with age in our sample are depicted in Figs. 1, 2, and 3, respectively. Table 2 summarizes the regression equations and correlations for segmental analysis for RMR, FFW, total T3, and free Ts. There was no significant decline in RMR in females 18 -50 yr (r = -0.10; NS), whereas in older females (51-81 yr) a significant decline was noted (r = -0.38; P < 0.01). No significant change in FFW with age in younger females yr was found (r = -0.10). Thereafter, a significant decline in FFW was noted in women 48-81 yr (r = -0.39; P < 0.01). No significant change in total T3 and free T3 with age was noted in women yr (r = 0.15) and 18-47 yr (r = O.ll), respectively. Thereafter, a significant decline was noted in total T, (r = -0.69; P < 0.01) in females 43-81 yr and in free T3 in women 48-81 yr (r = -0.59; P < 0.01). RMR, resting metabolic rate; FFW, fat-free weight from underwater weighing. Age cut-off points were derived from segmental regression analysis, which uses the least-squares method to estimate slopes of the 2 segments (see Statistics).
* P < 0.01. Table 3 shows the Pearson product correlation coefficients among the remaining physical characteristics, body composition and thyroid hormones assessed in the present study. Figure 4 shows the correlation between the residual RMR values (kcal/day) and age. The residuals of RMR are the difference between the measured value and that predicted from its correlation with FFW (r = 0.84; P < 0.01). There was no significant association between RMR and age after the effects of FFW were removed. Thus the decline in RMR with age appears to be primarily associated with the loss of FFW and not to an independent effect of age, per se. Table 4 shows the stepwise regression analysis in 183 healthy women with RMR, FFW, total T3, and free T3 as the dependent variables. Squared and linear components of age were considered in the regression analysis because of the curvilinear nature of some of the data. For RMR, FFW accounted for 72% of the variance and no other variable contributed unique variance thereafter. Other independent variables considered in the analysis but did not significantly contribute unique variation to the model included age, height, body weight, percentage body fat, waist-to-hip ratio, VO, lTlaX, LTA, thyroid hormones, daily energy intake, percentage and absolute intakes of macronutrients, and menstrual status. . We accounted for 46% (r2) of the variance in FFW with vo 2 max (l/min; r2 = 39%), age (r2 = 4%), LTA (r2 = 2%), and protein intake (r2 = 1%). Because our objective was to explain the decline in FFW and not predict fat-free weight (i.e., develop a regression equation), several variables were not considered in the regression model that could have spuriously increased the explained variance. Body weight and fat weight were not considered as independent variables because of their intercorrelation with FFW. Because age-related changes in RMR and height were considered secondary to changes in FFW, these variables were not considered as potential variables to explain variation in FFW. Thus our regression model contains those biological variables that were most likely to contribute to rather than change in response to differences in FFW. Other variables that were considered but did not significantly add unique variance to the regression model included waist-to-hip ratio, energy and macronutrient (absolute and relative) intake, thyroid hormones, and menstrual status.
We accounted for 42% of the total variance in plasma levels of total T3. The independent variables of age squared and age accounted for 33 and 9% of the unique variance, respectively. We accounted for 43% of the total variance in free T3. The squared term of age contributed 29% of the unique variance, age itself contributed 5%, and the waist-to-hip ratio added an additional 3% of the variance. Other variables that were considered but did not significantly contribute unique variance to the model included age, height, weight, FFW, fat weight, \io2 max, LTA, waist-to-hip ratio, and energy and macronutrient intake. DISCUSSION RMR and age. An earlier study (20) investigated changes in RMR in females, but methodological limitations did not permit the assessment of the role of body composition as a modulator of age-related changes in RMR. We extend these earlier works by examining body composition, physical activity, as well as estimated energy intake and plasma thyroid hormone concentrations as possible modulators of the age-related decline in RMR.
The present study found a curvilinear decline in RMR with age in females (Fig. 1) . Subsequent analyses using segmental regression techniques showed no significant E453 r2, fraction of explained variance; the last step for each variable provides the cumulative r "; RMR, resting metabolic rate (kcal/day); FFW, fat-free weight (kg); \iOp max, maximal 0, consumption (l/min); LTA, leisure time physical activity (kcal/day); protein intake is measured in g/day; waist/hip, ratio of waist to hip circumference. Squared values for age were considered in the analysis because of quadratic relation between age and dependent variables. Other predictor variables that were considered in the analyses but did not significantly contribute unique variance to the model included body weight, height, fat weight, daily energy intake, percentage intake of carbohydrate, percentage intake of fat, and menstrual status. decline in RMR in women aged 18-50 yr of age, whereas a significant decline was noted in older women aged 51-81 yr. In practical terms, we would predict a 0.6% decline per decade in RMR in women aged 18-50 yr, whereas a 4.0% decline per decade would be predicted in women aged 51-81 yr. Interestingly, we have previously shown a curvilinear decline in RMR with age in males (14) . We have reanalyzed our male data using segmental regression analysis and found that the break point in the decline in RMR in males was significant at an earlier age (41 yr) than in females (50 yr). Furthermore, the rate of decline beyond the middle-age years was greater in males (-10.94 t 0.61 kcalday-leyr-l) than in females (-5.48 t 2.1 kcalday-l l yr-l). Taken together, these results suggest that gender is an important parameter to consider when comparing both the onset and the rate of decline in RMR in healthy individuals.
We noted a curvilinear decline in FFW in which the slope was not different from zero in younger women (18-47 yr) but significantly declined in older women (48-81 yr). We would predict a 4.0% decline per decade in fat-free mass in the older adult years. This rate of decline of females compares favorably with other cross-sectional (3) and longitudinal studies (5) . Compared with our previous study (14) , the loss of FFW began at an earlier age in males (35 yr) than in females (48 yr), but the rate of decline thereafter (-0.21 kg/yr) was similar between males and females. The present study suggests that both RMR and FFW decline around the onset of menopause. Because estrogen levels decline dramatically around the time of menopause, it is interesting to speculate that lower female sex hormone levels may be associated with alterations in RMR mediated by changes in body composition. Our study, however, does not permit a vigorous test of this hypothesis because menstrual status was not chemically determined.
RMR and FFW. In males, the loss of FFW has been reported as the principal determinant of the age-related decline of RMR (12, 25) . It has been shown, however, that differences in FFW do not fully account for the lower RMR in older individuals (8, 14, 17, 18, 27) . It is unknown, however, whether differences in FFW can fully explain the age-related decrement in RMR in females. We found that differences in FFW explained the largest percentage (r2 = 72%) of the variation in RMR in our sample, leaving an unaccounted residual error of t70 kcal/ day. Age was inversely related to RMR on a univariate basis, but after statistical control for FFW, the inverse relation was no longer apparent (Fig. 4) of the decline in RMR after taking into account differences in FFW in females. A preliminary report on women (n = 27, 20-86 yr) using multicompartmental analysis of body composition (2) showed that the proportion of FFW as body cell mass (as measured from total body potassium) was lower in elderly women and that age did not explain any additional variance in RMR after statistical control for body cell mass.
RMR, lifestyle, and hormonal factors. We examined the possibility that variations in thyroid hormone concentrations, physical activity, as well as energy and macronutrient intake contribute to the decline in RMR independent of differences in FFW. Consistent with previous studies (23) but not all (13) , total and free T3 concentrations decreased with advancing age. It has been suggested that T3 reductions with age were primarily related to intercurrent illness or debilitation (13) . Based on this report in healthy women , it seems likely that both aging, per se, and nonthyroidal illness may contribute to reduced plasma total and free T3 concentrations.
Historically, thyroid hormones, particularly the metabolically active forms of Tt3 and free T3, have been reported to be important regulators of metabolic rate (4) . We noted significant but low order correlations between RMR with total T3 (r = 0.25; P < 0.01) and free T3 (0.30; P < 0.01) in this study. We were unable to demonstrate, however, that thyroid hormone concentrations in euthyroid individuals were related to RMR independent of FFW. This finding has been noted in males (8, 17, 30) and is now extended to include females. Hence, although it has been suggested that T3 is the primary hormone that regulates metabolism and thermogenesis in humans (4), its influence on RMR appears secondary to that of variations in FFW in healthy persons.
We also examined the possibility that differences in vo 2 max may explain additional variation in RMR in females. This hypothesis was prompted by our previous studies on males (14, 17) , in which \io2 max (or some factor related to VO, max) was found to be a significant predictor of RMR in males independent of differences in FFW. This hypothesis was not borne out in the present study, since VO2 max expressed either on a relative or on an absolute basis did not significantly contribute to variation in RMR. Thus the relative importance of VO, max as an independent modulator of RMR may differ between the sexes, although the reason for the sexual dimorphism is not immediately apparent.
Approximately 28% of the variation in RMR remains unaccounted for in the present study. It is possible that other energy-consuming processes, such as differences in protein turnover (30) and/or skeletal muscle metabolism (31) are likely candidates to explain additional interindividual variation in RMR in healthy aging women and therefore deserve further study.
Variations in FFW are important determinants of total daily energy expenditure and energy requirements in healthy elderly individuals (9) . To our knowledge, no previous studies have examined possible modulators of the age-related decline in FFW in healthy women. We found that ~40% of the decline in FFW was accounted for by the decline in VO, max. Interestingly, the energy expenditure in LTA was also a significant, but a small contributor (2%) to its decline. An independent effect of age (4%) and protein intake (1%) was also noted. It is therefore plausible to suggest that the loss of FFW (and probably muscle mass) is probably vulnerable to the aging process, possibly due to general disuse associated with a decrement in VO2 max, which may be reflective of a decrease in physical activity. Furthermore, a lower level of protein intake with age may also contribute in a small manner to the loss of FFW. Thus therapeutic interventions designed to increase VO 2 max by increasing physical activity may preserve FFW and attenuate the decline in RMR in aging women. It is equally plausible, however, that the decline in fat-free mass may contribute to the decline in \io, maxa These issues will not be resolved within the context of a correlational study.
Several caveats associated with our study should also be noted. Selective survivorship may obscure rates of change in fat-free weight and RMR in the elderly years. Furthermore, our results should not be generalized to the "oldest old," since we did not have many volunteers >85 yr of age. Lastly, cause and effect cannot be inferred from our cross-sectional results. Longitudinal study designs that ultimately follow physical activity, energy expenditure and body composition patterns will provide the most useful information regarding the interrelationships of these variables with aging.
In summary, we conclude that RMR and FFW show a curvilinear decline with age and are accelerated beyond the middle-aged years. Second, the age-related decline in RMR is primarily associated with the loss of FFW and not due to an effect of age, per se. Third, the age-related loss of FFW is partially related to alterations in VO, maxy which may be related to an age-related decline in physical activity. Therapeutic interventions to increase physical activity may play a role in preserving FFW and attenuate the decline in RMR in aging women.
